Here we present a set of fluorescent cages prepared by tethering fluorescent dyes to a photolabile group. The developed molecules enable caging of signalling lipids, their delivery to specific cellular membranes, with further imaging, quantification, and controlled photorelease of active lipids in living cells.
Many cellular signalling pathways strongly rely on lipids. However, lipids exhibit dynamic intracellular behaviour. Lipids are metabolically interconvertible by lipid handling protein machinery, 1,2 and can quickly change their location. 3 Additionally, small variations in levels of signalling lipid lead to diverse downstream effects due to their tightly regulated and non-uniform subcellular distribution. 4, 5 In this respect, chemical biology tools that permit modulation of lipid signalling events with high spatial and temporal precision are extremely important for investigation and understanding of the mechanisms of lipid signalling. 6 The intracellular levels of signalling lipids may be rapidly manipulated by chemical 7, 8 or optogenetic 9,10 protein modulation systems using small molecule or a flash of light, respectively. While proven to be valuable techniques, these protein modulation systems depend on the expression of recombinant proteins. Although, use of photoswitchable lipids may be the direct approach to manipulate lipid signalling events, [11] [12] [13] [14] selective delivery of signalling lipids at a defined subcellular site still remains challenging. In this direction, photocaging can be an effective approach which is known to release bioactive molecules from their inactive precursors. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] Recently, coumarin and ortho-nitrobenzyl (ONB) cages have been employed in studies of lipid signalling. [35] [36] [37] [38] Coumarin cages are fluorescent and therefore allow the quantification of released lipids, meanwhile they suffer from unintended photorelease of lipids during imaging (leakage) due to same wavelength for imaging and uncaging. On the contrary, ONB cages are incapable of providing quantification of photoreleased lipids due to their non-fluorescent nature. Additionally, some cages bearing target-specific chemical moieties allowed the delivery of signalling lipids at defined subcellular sites. [39] [40] [41] [42] Hence, the development of new photocages for lipid signalling investigations is necessary to overcome the limitations of existing tools.
In this work, by splitting the functions of uncaging and imaging into different units, we designed small molecules that allow spatial and temporal control on lipids' delivery, and precise quantification of photoreleased lipid. To achieve this, we covalently tethered photolabile ONB cage (l photocleavage = 365 nm) and rhodamine dyes (Rh-dyes, l ex = 559 nm) to construct fluorescent photocages (ONB-Rh scaffolds). As reported, caged lipids bearing negatively charged sulfonate groups are selectively localized at the plasma membrane (PM) while neutral lipids mostly localized at internal membranes (IMs). 39 Therefore, we chose negatively charged Atto-532 and neutral sulfoRhB to selectively localize caged lipids at the PM and IMs, respectively ( Fig. 1 ).
In addition, owing to the red-shifted emission, Rh-dyes could offer the possibility of live-cell imaging along with CFPand GFP-based sensors for signalling molecules. As a signalling lipid, we chose oleic acid (OA) which serves as an agonist of free fatty acid receptor GPR40. 39, 43, 44 We synthesized two ONB cages bearing different linkers for dye conjugation starting from vanillin, and subsequently coupled those to OA by DCC mediated esterification. ONB caged-oleates were then tethered to Atto-532 and sulfoRhB to develop three caged-oleates PMC-OA, IMC-OA and IMC2-OA ( Fig. 1 and Schemes S1, S2, ESI †).
We characterized the caged-oleates spectroscopically and as expected, their absorbance and emission properties were similar to those of the parent dyes Atto-532 and SulfoRhB ( Fig. S1 Table S1, ESI †). Next, to check whether uncaging of caged-oleates efficiently releases OA, we studied uncaging dynamics of IMC-OA in solution under exposure to 365 nm LED. The progress of uncaging reaction was monitored using thin layer chromatography (TLC). After 5 min of exposure TLC showed the complete uncaging of IMC-OA and the appearance of a spot with the same retention factor as free OA (Fig. S2 , ESI †). Appearance of peak at m/z = 281.2 in the mass spectrum of exposed sample clearly revealed the photorelease of OA upon uncaging ( Fig. S3 , ESI †). Finally, the progress of uncaging was monitored by NMR analysis. The appearance of a new peak at 2.38 ppm corresponding to a-methylene of free OA and gradual decrease in the peak at 2.44 ppm upon exposure clearly validated the photorelease of OA upon uncaging ( Fig. S4 , ESI †). We then checked the localization of caged-oleates in living cells by means of confocal fluorescence microscopy. Namely, we expressed endoplasmic reticulum marker BFP-KDEL 45 and PM marker HyPerMem 46 in HeLa cells and treated them with 30 mM PMC-OA. The fluorescence pattern of negatively charged PMC-OA completely overlapped with HyPerMem (Pearson's correlation coefficient = 0.94) which clearly demonstrated its selective localization at the PM ( Fig. 2a-d) . In contrast, neutral IMC-OA (45 mM) stained the IMs (Fig. 2f-h) . However, IMC-OA showed excessive precipitation in imaging buffer. Then to check the impact of linker between ONB cage and rhodamine dye toward the water solubility, we synthesized IMC2-OA bearing the same linker as used in the case of PMC-OA. IMC2-OA (30 mM) was also localized at the IMs but exhibited better water solubility than IMC-OA ( Fig. S5, ESI †) , which clearly reflected the importance of polar linker to prevent lipid precipitation during delivery to cells.
Next, we checked the uncaging efficiency of OA in cells. HeLa cells loaded with PMC-OA were imaged on a dual scanner confocal microscope with controlled UV illumination during live-cell imaging. As expected, illumination with 375 nm light led to a significant decrease in the fluorescence intensity of PMC-OA in cells ( Fig. 3a and b) . The observed decrease may be caused by OA uncaging and the diffusion of released ONB-dye cage from the focal plane as described for coumarin-caged OA in the work of Nadler et al. 39 However, it does not directly prove the photorelease of free fatty acid. With the aim to confirm OA photorelease, we expressed free fatty acid receptor GPR40 in HeLa cells. This GPCR receptor in the presence of fatty acids is known to induce the elevation in intracellular Ca 2+ levels 14 via activation of phospholipase C (PLC) as shown in Fig. 3e . 47 For monitoring intracellular Ca 2+ levels we used genetically encoded green fluorescent GCaMP6s sensor, 48 which was co-expressed with GPR40. Thereafter, PMC-OA loaded cells were illuminated with 375 nm laser. A gradual increase in GCaMP6s fluorescence with the decrease in fluorescence intensity of PMC-OA ( Fig. 3c and d) confirmed the photorelease of free OA.
We also performed a set of control experiments to validate the role of GPR40 activation in elevation of Ca 2+ levels, and to rule out the possibility of any photogenerated artefact. Namely, we added free OA to HeLa cells expressing GCaMP6s and GPR40 that led to increase in intracellular Ca 2+ levels (Fig. S6, ESI †) . In contrast, no increase in Ca 2+ levels was observed in cells expressing GCaMP6s only (no GPR40) upon addition of free OA (Fig. S6 , ESI †) or upon uncaging of PMC-OA (Fig. S7, ESI †) . Both experiments confirm that the main cause of the observed increase in intracellular Ca 2+ levels is activation of GPR40 by free OA.
Next, cells expressing GCaMP6s and GPR40 were treated with precursor ONB cage and sulfoRhB separately. In both cases, irradiation with 375 nm laser did not lead to the increase in GCaMP6s fluorescence (Fig. S8, ESI †) , which clearly revealed that the elevation in Ca 2+ levels was the result of OA photorelease and not the result of any photogenerated artefacts.
To dissect uncaging from dye bleaching upon 375 nm irradiation, we used an earlier developed assay based on the comparison of decrease in fluorescence signal of cage at the PM and endosomes. 39 Namely, HeLa cells were first incubated with PMC-OA for 10 min, then the loading solution was removed and cells were kept at 37 1C for 90-180 min to ensure partial endocytosis of caged lipid. Irradiation of these cells with 375 nm laser resulted in significant decrease of fluorescence signal of PMC-OA at the PM while much lower signal decrease in vesicles (Fig. S9, ESI †) . These data correlate well with our previous results for coumarin-caged lipids 39 and the observed difference in fluorescence decrease between endosomes and the PM corresponds to the photorelease of OA. Next, to compare the propensity of ONB-Rh and coumarin cages to the unintended uncaging during imaging, cells expressing GCaMP6s and GPR40 were loaded with PMC-OA and ScC-OA (OA caged with a coumarin group bearing two negatively charged sulfonate groups, compound 9 in ref. 39) separately. First, we imaged distribution of PMC-OA and ScC-OA using 559 nm and 405 nm excitation, respectively. Subsequently, we monitored variation in intracellular Ca 2+ levels in both conditions using fluorescence of GCaMP6s (488 nm excitation). Elevation in Ca 2+ levels under excitation of 405 nm laser in the case of ScC-OA was observed that clearly revealed the unintended release of lipid (leakage) during imaging (Fig. S10, ESI †) . In contrast, unchanged Ca 2+ levels in the case of PMC-OA demonstrated the stability of the ONB-dye scaffold to uncaging during imaging (Fig. S11, ESI †) .
To further test the applicability of ONB-Rh cage in the presence of coumarin and vice-versa, we loaded the cells expressing GCaMP6s and GPR40 with both ScC-OA and PMC-OA. The cells were imaged upon illumination with 405 nm (0.5% laser power), and with 559 nm (1% power), to excite ScC-OA and PMC-OA respectively. The cells at left half of the imaged area were irradiated with 405 nm laser at 100% power. As expected, exposure to a strong 405 nm laser irradiation led to the uncaging of ScC-OA. However, PMC-OA exhibited no change in fluorescence intensity under illumination with 405 nm laser, meaning no photorelease ( Fig. 4b and c) . In contrast, irradiation of the cells at the right half of the imaged area with 375 nm laser resulted in the uncaging of both coumarin-caged and ONB-Rh-caged OA. Thus when used with coumarin cage, ONB-Rh cage permits semiorthogonal lipid release (Fig. 4) . Consequently, ONB-Rh cage displayed sequential photorelease of fatty acids in the presence 
